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Enteric caliciviruses are emerging pathogens in humans and animals, but they do not replicate in cell culture except for
the porcine enteric calicivirus (PEC) Cowden strain. The PEC Cowden strain grows in pig kidney (LLC-PK) cells, but only in
the presence of intestinal contents (IC) from uninfected gnotobiotic pigs in the medium. In this study, we investigated the
relationship between IC and growth of Cowden PEC. Pretreatment of cells or the virus with IC or transfection of viral RNA
into cells did not induce virus growth unless the medium was supplemented with IC. Among modulators of cell signal
transduction, the G protein uncoupler, suramin, adenylate cyclase (AC) inhibitor, MDL-12,330A, and the cAMP-dependent
protein kinase (PKA) inhibitor, N-(2-[bromocinnamulamino]ethyl)-5-isoquinolinesulfonamide (NBEI) inhibited the effect of IC
on virus growth for up to 72 h. These data indicate that PEC virus replication may be dependent on an initial cAMP signalingKey Words: porcine enteric calicivirus; intestinal content
INTRODUCTION
Diarrhea remains one of the most common illnesses in
humans and the principal cause of death yearly among
an estimated 3.5 million children less than 5 years old
(Bern et al., 1992). In 1972, the Norwalk agent was iden-
tified by electron microscopy (EM) as the first virus to
cause diarrhea in humans (Kapikian et al., 1972). Since
then, human enteric caliciviruses (HuCV) in the Norwalk-
like virus (NLV) genus are currently believed to be re-
sponsible for greater than 90% of food- and waterborne
viral gastroenteritis in humans of all ages (Green, 1997;
Kapikian et al., 1996). Diarrhea outbreaks associated
with NLV occur in cruise ships, elementary schools,
nursing homes, and hospitals via contaminated water
and foods (Green, 1997; Kapikian et al., 1996), and most
older children and adults are seropositive for antibody to
NLV by ELISA using recombinant capsid virus-like parti-
cles (VLPs) (Green, 1997). The Sapporo virus is a proto-
type member of another HuCV genus, the Sapporo-like
viruses (SLV), and the viruses in this genus have char-
acteristically been associated with sporadic outbreaks of
gastroenteritis in humans (Green, 1997; Kapikian et al.,
1996).
The first porcine enteric calicivirus (PEC, Cowden
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strain) was reported in the U.S. by our lab in 1980 (Saif et
al., 1980). It caused profuse diarrhea, villous atrophy, and
anorexia in experimentally inoculated gnotobiotic pigs
(Flynn and Saif, 1988). High prevalence of PEC infection
has been reported in diarrheic weaned pigs (Theil and
McCloskey, 1995). Similar to Cowden PEC (Guo et al.,
1999), most of these PEC belong to the SLV genus based
on analysis of nucleotide and deduced amino acid se-
quences (M. Guo, K.-O. Chang, and L. J. Saif, unpub-
lished data). Basic aspects of the replication and patho-
genesis of enteropathogenic caliciviruses are unknown
because none (except the Cowden strain) can be prop-
agated in cell culture and there is no animal model
susceptible to HuCV diarrhea (Green, 1997; Kapikian et
al., 1996). We have successfully adapted the only enter-
opathogenic calicivirus (Cowden PEC) to passage in a
continuous cell line (LLC-PK) using the novel approach of
adding intestinal contents (IC) from uninfected gnotobi-
otic pigs to the cell-culture medium (Flynn et al., 1988;
Parwani et al., 1991). Even after more than 25 serial
passages of Cowden PEC in LLC-PK cells, its propaga-
tion still requires IC. We used the cell-adapted Cowden
PEC as a model to investigate the replication strategies
of enteric caliciviruses in vitro. Identification of the
growth-promoting factors in IC responsible for Cowden
PEC cultivation or the mechanism of their action would
be a breakthrough for research on enteric caliciviruses
and possibly other uncultivable enteric viruses.pathway induced by IC. © 2002 Elsevier Science (USA)
Research and Development Center, The OSU, 1680 Madison Avenue,
Wooster, OH 44691. Fax: 330-263-3677. E-mail: saif.2@osu.edu.
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including the HuCV. Signal transduction pathways in; virus
cells are crucial processes for cellular responses to the
surrounding environment by binding of a ligand to its
receptor in the membrane. The binding triggers a re-
sponse pathway in the cytosol eliciting a wide array of
metabolic and functional processes by catalyzing the
phosphorylation (activation or deactivation) of intracellu-
lar proteins (Lewin, 1997). Although viruses use the cel-
lular machinery (cellular factors) for their replication,
there is little information on the relationship between
virus growth and signal transduction, especially viral
dependence on the phosphorylation of cellular or viral
proteins.
In this study, we investigated whether the IC growth-
promoting effects are on the virus or the cells. Using
modulators for cell-signal transduction, we investigated
the relationship between cell-signal transduction and its
effect on the IC promotion of growth of Cowden PEC in
LLC-PK cells.
RESULTS
Virus infection in LLC-PK cells
Infection of LLC-PK cells with Cowden PEC induced
cytopathic effects (CPE) characterized by rounding of
cells following extensive cytolysis in infected LLC-PK
cells with IC (Fig. 1). At high multiplicity of infection
(m.o.i.) with IC, the CPE started around 16–20 h postin-
oculation, and by 48 h, all virus-infected cells were lytic
on microscopic observation (Fig. 1). At low m.o.i. with IC,
the CPE started around 30 h postinoculation, and by 72 h
all viral-infected cells were destroyed. The immunofluo-
rescent (IF) staining confirmed the microscopic changes
and presence of Cowden PEC antigen in the infected
cells (Fig. 2). However, without IC, no CPE or virus growth
was evident microscopically, by IF (Figs. 1 and 2) or by
ELISA (Figs. 4 and 5). The median tissue culture infec-
tivity (TCID50) titer of virus was about 1  10
6 TCID50/ml,
which represented about a 0.5–0.6 absorbance value by
ELISA. An approximate 0.1 ELISA absorbance value dif-
ference corresponded to about a 10-fold difference in
TCID50 value.
Effects of pretreatment of cells or virus with IC on
virus replication and transfection of viral RNA
Pretreatment (from 30 min to 2 days) of either cells or
viruses with IC before virus inoculation did not support
virus growth without IC in the medium after inoculation
(data not shown). The transfection efficiency of Lipo-
fectamine plus in LLC-PK cells measured by transfection
of a plasmid encoding green fluorescent protein (GFP)
under the CMV promoter was 30–40% (GFP expressed
cells/total cells counted using fluorescence microscopy)
at 24 h after transfection. When viral RNA (0.01or 0.5 g)
was transfected into LLC-PK cells, virus growth was
evident only with IC in the medium by the appearance of
CPE, IF staining, and ELISA detection of PEC antigen
(Fig. 3). However, without IC in the medium, no virus
growth was evident. The transfection of viral RNA pre-
treated with RNase A did not induce virus growth even
with IC (Fig. 3). Higher concentrations (0.5 g) of viral
RNA induced viral growth with CPE evident around 30 h
posttransfection, while lower concentrations (0.01 g)
did not induce CPE until 60 h posttransfection (Fig. 3).
Once CPE appeared, the cytolytic process was rapid and
all the cells were destroyed by 36 h after onset of CPE.
Effect of modulators for signal transduction on virus
replication
All reagents were tested for cytotoxicity in LLC-PK
cells by microscopic observation and by trypan blue
exclusion staining after applying each reagent to conflu-
ent monolayers of LLC-PK cells for up to 120 h. Little or
no cytotoxicity was observed at the indicated highest
concentrations of each reagent. When suramin, G pro-
tein inhibitor, was incubated with IC in the medium after
virus inoculation, it inhibited virus growth for up to 72 h
(0.05 m.o.i.) or 48 h (0.5 m.o.i.) depending on the dose
(10–100 M) (Figs. 4A and 4D). After 120 or 96 h, the final
viral titer with IC alone or IC plus suramin was similar
regardless of the concentration of suramin and inocula-
tion m.o.i. (Figs. 4A and 4D). The adenylate cyclase (AC)
inhibitor MDL-12,330A hydrochloride [cis-N-(2-phenylcy-
clopentyl)-azacyclotridec-1-en-2-amine monohydrochlo-
ride] also delayed the IC-promoting virus growth for up to
72 h depending on the concentration (2–20 M) of the
inhibitor without any change in final viral titer (Fig. 4B).
The PKA inhibitor, NBEI, showed similar inhibitory effects
(0.2–4 M) on IC and virus growth to suramin and MDL-
12,330 (Fig. 4C). The guanylate cyclase (GC) inhibitor
NS-2028 [4H-8-bromo-1,2,4-oxadiazolo(3,4-d)benz(b)(1,4)
oxazin-1-one] (20 M) did not show any effects on IC and
virus growth (Fig. 5A). Furthermore, staurosporin (10 nM),
1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-
diazepine hydrochloride (CSHD) (2 M), geldanamycin
(GA) (2 M), and PKA inhibitor (10 g/ml) extracted from
porcine heart did not show any major consistent effects
on the IC-promoting effects on virus growth in LLC-PK
cells at the concentration tested (Fig. 5A). Forskolin (0.5
mM), cholera toxin (up to 1 g/ml), and clasto-
Lactacystin -lactone (2 M) did not support virus
growth and did not show any major effects on the IC pro-
moting effects on virus growth (Fig. 5A). The combination
effects of suraminMDL-12,300A, suraminNBEI, MDL-
12,300ANBEI, or suraminMDL-12,330ANBEI on IC
promoting virus growth were evident even at lower con-
centrations, but after 72 h postinoculation, PEC reached
as high a titer as PEC treated with IC alone (Fig. 5B).
Microscopic observation of CPE and IF staining con-
firmed the inhibitory effects on virus growth by suramin,
MDL-12,330A, NBEI, or combinations of them (Figs. 1 and
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2). Daily addition of the reagents did not change the virus
growth kinetics.
Quantatation of cAMP
The quantity of intracellular cAMP after treatment of
PEC-inoculated LLC-PK cells with mock, IC, suramin (100
M), MDL-12,330A (20 M), or NBEI (4 M) was mea-
sured and compared at 12, 24, 36, and 48 h posttreat-
ment. Mock treatment showed steady levels of cAMP
around 30–50 pmol/ml from 12 to 48 h, and IC treatment
of cells did not significantly change the levels of cAMP
(Fig. 6). However, treatment of cells with suramin, MDL-
12,300A, or NBEI with or without IC dramatically de-
creased the level of cAMP beginning at 12 h, but after
48 h the cAMP level returned to mock treatment group
levels (Fig. 6). The cAMP levels in mock- or virus-infected
cells with the various treatments did not differ from one
another.
DISCUSSION
The lack of an in vitro cell propagation system remains
a major limitation for the detailed study of enteric calici-
viruses including production of infectious virus, studies
of receptors and replication strategies, verification of
FIG. 1. Microscopic changes of LLC-PK cells after PEC inoculation (200) without (A) or with IC (B, C), or with IC and the modulators of signal
transduction (D–F). PEC were inoculated at 0.05 m.o.i. A: without IC at 72 h postinoculation; B, C: with IC at 48 or 72 h postinoculation, respectively;
D–F: with IC and suramin, MDL-12,330A, or NBEI at 72 h postinoculation, respectively.
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infectious clones, and assay of neutralizing antibodies to
determine viral serotypes and immune responses. Pre-
vious studies in our laboratory revealed that the growth
effects of IC for Cowden PEC could not be replaced by
trypsin, pancreatin, other intestinal enzymes (alkaline
phosphatase, enterokinase, elastase, protease, and
lipase) or IC from other species (chicken and cattle)
(Flynn et al., 1988; Parwani et al., 1991).
For the detailed study of the effects of IC on virus
growth, we first investigated whether IC affects the cells,
the virus, or both. Pretreatment (30 min to 48 h) of cells or
viruses with IC did not support virus growth unless me-
dium was supplemented with IC after virus inoculation,
suggesting that LLC-PK cells need constant stimulation
by IC for virus growth. Caliciviruses have a single-
stranded, positive-sense RNA genome that is infectious
when introduced into cells (VESV) or the live target organ
(RHDV) (Black et al., 1978; Olesby et al., 1971; Ulrich et al.,
1998). Also synthetic RNA of feline caliciviruses was
infectious when introduced into cells (Sosnivtsev and
Green, 1995). Because RNA transfection bypasses the
early events of virus infection such as receptor binding
FIG. 2. The IF staining against PEC of LLC-PK cells after PEC inoculation (200) without (A, D) or with IC (B, E), or with IC and the modulators of
signal transduction (C, F). PEC were inoculated at either 0.5 m.o.i. (A–C) or 0.05 m.o.i. (D–F). A, D: without IC at 20 or 48 h postinoculation, respectively;
B, E: with IC at 20 or 48 h postinoculation, respectively; C, F: with IC and MDL-12,330A at 20 or 48 h postinoculation, respectively.
305CELL-CULTURE PROPAGATION OF PORCINE ENTERIC CALICIVIRUS
and internalization, the effects of IC on cells transfected
with PEC viral RNA was investigated. Our studies are the
first to demonstrate that the RNA of the enteric calicivi-
ruses is infectious. When Cowden PEC viral RNA was
transfected into 1-day-old monolayers of LLC-PK cells, it
was infectious and produced virus progeny but only in
the presence of IC in the medium, which further suggests
that the IC-promoting effects on virus growth are on cells
rather than on the virus.
Signal transduction of cells is a crucial process by
which cells respond to the surrounding environment by
means of binding of ligand to receptor in membranes
and triggering a response pathway in the cytosol (Lewin,
1997). Binding of the hormone or neurotransmitter to its
membrane-bound receptor induces a conformational
change in the receptor that leads to the -subunit of the
G protein (Lewin, 1997). The activated Gs-subunit stim-
ulates AC, which catalyzes the conversion of cytoplasmic
ATP to cAMP, activating PKA. By catalyzing the phosphor-
ylation (activation or deactivation) of intracellular en-
zymes, PKA elicits a wide array of metabolic and func-
FIG. 3. Virus growth after transfection of viral RNA (0.01 g, 0.5 g,
or RNase A pretreatment of 0.5 g of RNA) in LLC-PK cells with or
without IC assayed by ELISA (dashed/dotted line: cutoff 0.119). Upper
bars represent the standard error of the OD590 for at least three inde-
pendent tests.
FIG. 4. Virus growth after incubation with IC, without IC, or IC with the different concentrations of suramin (A: dashed/dotted line: cutoff  0.109),
MDL-12,330A (MDL) (B: cutoff  0.126), or NEBI (C: cutoff  0.081) assayed by ELISA. Viruses were inoculated into LLC-PK cells at 0.05 m.o.i. (A–C)
or 0.5 m.o.i. (D: cutoff  0.127). Upper bars represent the standard error of the OD590 for at least three independent tests.
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tional processes (Lewin, 1997). Negative regulation can
occur in the pathway when phosphodiesterases catalyze
the hydrolysis of cAMP to adenosine-5-monophosphate
(Lewin, 1997). In our study, the first G protein uncoupler,
suramin, effectively inhibited the effect of IC on virus
growth for up to 72 h (0.05 m.o.i.) or 48 h (0.5 m.o.i.),
depending on the dose. There are reports that suramin
can inhibit propagation of certain viruses by blocking
binding of these viruses to their membrane receptor
(Aguilar et al., 1999; Petcu et al., 1988). In this study,
because the final viral titer with IC or IC plus suramin
(even with daily addition and different concentrations)
was similar, it is unlikely suramin was involved in block-
ing of virus binding. In addition, the AC inhibitor, MDL-
12,330A, and the PKA inhibitor, NBEI, also showed inhib-
itory effects similar to suramin on IC and virus growth.
Interestingly, at later time points, PEC grew and reached
similar titers to PEC-inoculated cells with IC alone re-
gardless of the concentration of the reagents, their daily
addition, and the combinations of the reagents. These
data also suggest that the inhibitory effects on virus
growth by the reagents tested were not related to gen-
eral cytotoxicity. Although the cAMP level did not differ
between IC and mock treatment, it was significantly
decreased by treatment with suramin, MDL-12,330A, or
NBEI with or without IC for up to 48 h postincubation.
After 48 h, the decreased intracellular level of cAMP was
restored and PEC was eventually able to propagate to
high titer. This suggests that IC effects on the cell-signal
transduction could be in the range of physiological levels
for PEC growth.
However, the inhibitors of the other pathways for sig-
nal transduction, the GC inhibitor NS-2038, and other PK
inhibitors including staurosporin, CSHD, GA, forskolin,
and clasto-Lactacystin -lactone did not show any sig-
nificant effects on the IC-promoting effects on virus
growth in LLC-PK cells. In addition the PKA inhibitor
extracted from porcine heart which is nonpermeable to
cells did not show any effects on the IC-promoting virus
growth. The AC activator forskolin and cholera toxin did
not support virus growth and did not show any effects on
the IC-promoting effects on virus growth, which suggests
that a specific signal for AC and PKA by IC is responsible
for virus growth. Recently, bioactive gastrointestinal
polypeptides have been studied as important regulators
of gastrointestinal physiology via cell signaling with G
protein (the secretin receptor family) and PKA (Ulrich et
al., 1998). The peptides include secretin, vasoactive in-
testinal polypeptide, pituitary adenylate cyclase-activat-
ing polypeptide, gastric inhibitory peptide, glucagon, glu-
FIG. 5. Virus growth after incubation with IC and other modulators (A), staurosporin, 1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine
hydrochloride (CSHD), geldanamycin (GA), NS2028, PKA inhibitor from porcine heart and clasto-Lactacystin -lactone (lactacystin) (dashed/dotted
line: cutoff  0.121), and with IC, without IC, or IC with various combinations of suramin (su), MDL12,330A (MDL), and NEBI (B: cutoff  0.115). Viruses
were inoculated into LLC-PK cells at 0.05 m.o.i. Upper bars represent the standard error of the OD590 for at least three independent tests.
FIG. 6. Concentration of intracellular cAMP after incubation with
mock, forskolin, IC, or IC plus suramin, MDL-12,330A (MDL), or NEBI in
LLC-PK cells. Upper bars represent the standard error of the cAMP
concentration for at least three independent tests.
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cagon-like peptide I, calcitonin, and calciton gene-re-
lated peptide (Ulrich et al., 1998). It is tempting to
speculate that one or more of these peptides may be
related to PEC growth through cell signaling and phos-
phorylation (investigated in the present study).
There are several viruses that are uncultivable in cell
culture, including the HuCV. Although HuCV do not grow
in the cultured cells, White et al. (1996) found that that
radiolabeled NV VLPs specifically bound to a saturable
number of binding molecules on the cell surface of dif-
ferent cell lines, and 1.4 to 6.8% of the specifically pre-
bound radiolabeled VLPs became internalized into cells.
In this study, without IC, limited synthesis of negative-
sense viral RNA was detected by RT-PCR in infected
cells by 12 h post virus inoculation (data not shown).
Because effective factor(s) in IC for virus growth was
related to the pathway of AC and PKA, the subsequent
modification of viral or cellular protein(s) could be in-
volved in successful viral replication in the cells.
This is a novel mechanism in which virus growth is
dependent on the cell-signal transduction induced by the
surrounding environment (IC). An in vitro cell-culture sys-
tem is usually composed of a single cell population as
opposed to a mixed cell population in vivo, and commu-
nication between neighboring cells and the environment
is essential for their differentiation and function in the
body. Opportunistic viruses could take advantage of
and/or be dependent on cell-to-cell communication in
vivo for their successful propagation, which may be a
part of the evolutionary process between virus and host.
In continuing studies, we are attempting to isolate the
effective factor(s) in IC for virus growth using HPLC, and
the cellular proteins involved in the viral RNA synthesis
related to their possible modification by IC.
MATERIALS AND METHODS
Cells and PEC virus
The LLC-PK cells were maintained in Eagle’s minimal
essential medium (MEM) and Opti-MEM (Life Technolo-
gies, Rockville, MD) with 3% fetal bovine serum. The cell
culture adapted Cowden PEC was serially passaged at
least 25 times in LLC-PK cells with a 1% intestinal con-
tent preparation from uninfected gnotobiotic pigs added
to the cell culture medium (Flynn et al., 1988; Parwani et
al., 1991). The IC was collected from uninfected gnotobi-
otic pigs, prepared as 0.45-m filtrates, and stored in
aliquots at 20°C as described previously (Flynn and
Saif, 1988).
Virus inoculation, IF staining, and virus titration
The pig kidney LLC-PK cells were grown in either 6-,
12-, or 96-well plates, and Cowden PEC was inoculated
onto confluent 3- to 4-day-old cells at either a 0.05 or a
0.5 m.o.i. based on the TCID50 titer of the inoculum. Each
inoculum was incubated on the cells at 37°C for 1 h and
then replaced with the medium including 1% IC. For IF
straining, the mock- or virus-inoculated cells with or
without IC were fixed at 20 and 48 h postinoculation
using 80% acetone, stained directly with FITC-conju-
gated anti-PEC pig serum (Flynn and Saif, 1988), and
observed using fluorescent microscopy.
Virus titers were measured using mainly ELISA. For
ELISA, 96-multiwell plates (Nunc, Rochester, NY) were
coated with hyperimmune guinea pig antiserum raised
against recombinant VLPs of Cowden PEC (Guo et al.,
2001) for capture antibody. Test reagents were then
added to duplicate wells in the following sequence: 1:10
dilutions of test samples; pig hyperimmune antiserum
against Cowden PEC; biotin-labeled mAb against pig
IgG; streptavidin-conjugated horseradish peroxidase;
substrate TMB (Kirkegaad & Perry Laboratories, Gaith-
ersburg, MD). The absorbance was measured at 590 nm
and the cutoff value was expressed as the absorbance of
the samples on the LLC-PK control cell wells plus three
standard deviations.
Pretreatment of IC, and extraction of viral RNA and
transfection into LLC-PK cells
To examine the effect of pretreatment of cells with IC,
LLC-PK cells were preincubated with IC (1% final con-
centration) or medium (mock) for 30 min to 48 h at 37°C.
The cells were then inoculated with Cowden PEC and
incubated in the presence or absence of IC. To deter-
mine the effect of pretreatment of virus with IC, PEC was
incubated with IC (1%) for 30 min to 48 h at 37°C. The
virus was then pelleted by ultracentrifugation to remove
the IC, resuspended in MEM, and inoculated onto
LLC-PK cells. The inoculated cells were then incubated
with or without IC. Samples were collected at 24, 36, 48,
60, 72, 96, and 120 h in both pretreatment experiments.
Each test was repeated at least three times.
Cell-culture propagated Cowden PEC was concen-
trated by pelleting by ultracentrifugation (100,000 g for
2 h) up to 1000-fold, and viral RNA was extracted using
the RNeasy Mini kit (Qiagen, Valencia, CA). The viral RNA
(0.01or 0.5 g), mock buffer control, or the viral RNA
treated with RNase A at 37°C for 30 min was incubated
with Lipofectamine plus (Life Technologies) for 30 min at
room temperature in Opti-MEM. The transfection mixture
was further diluted in Opti-MEM and inoculated onto
1-day-old LLC-PK cell monolayers (80% confluent) in 6-
or 12-well plates. After incubation for 4 h at 37°C, fluids
were replaced with medium with (1%) or without the IC.
Virus- or mock-transfected cells were observed for CPE
and viral antigen in cells or cell lysates was detected
using IF staining and ELISA, respectively, for up to 7 days
posttransfection. For accessing transfection efficiency, a
plasmid encoding GFP under the CMV promoter was
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transfected into LLC-PK cells in parallel with the viral
RNA transfection.
Modulators for cell-signal transduction
To study the effects of modulators for signal transduc-
tion on the growth-promoting effects of IC in LLC-PK
cells, we obtained several blockers or promoters of cell-
signal transduction and applied these to virus-infected
cells incubated with (1%) or without IC. After cells were
incubated with the mock or PEC for 1 h, the virus medium
was replaced with medium containing the modulator
reagent(s) with or without IC, and medium (with cells)
was collected at 24, 36, 48, 60, 72, 96, and 120 h. Cells
were lysed by freezing and thawing three times, and the
virus or mock supernatants from each IC treatment sam-
ple were titered by ELISA. All reagents were purchased
from Sigma (St. Louis, MO), solubilized in dimethylsulf-
oxide except suramin and PKA inhibitor from porcine
heart which were solubilized in distilled water, and
tested for cytotoxicity in LLC-PK cells by microscopic
observation and by trypan blue exclusion staining to
determine optimal concentrations for use in this study.
Suramin was investigated as a G protein inhibitor (Hou-
rani et al., 1992; uncouples G proteins from receptors;
blocks the binding of ligands to several growth factor
receptors). The MDL-12,330A (Lippe and Ardizzone,
1991) or NS 2028 (Olesen et al., 1998) was tested as AC
or GC inhibitors. The NBEI (Inagaki et al., 1985; PKA
inhibitor), staurosporin (Condrescu et al., 1999; inhibitor
of phospholipid/Ca-dependent protein kinase), CSHD
(Saitoh et al., 1987; myosin light chain kinase inhibitor),
and GA (Mimnaugh et al., 1996; inhibitor of proto-onco-
genic protein kinase such as erbB2, EGF receptor ty-
rosine kinase, and nonreceptor tyrosine kinase such as
v-src) were evaluated as PK inhibitors. A PK inhibitor
from porcine heart which binds to the catalytic subunit of
PKA was also tested. In addition, forskolin (Huang et al.,
1982; activates adenylate cyclase), cholera toxin (Span-
gler, 1992; activates adenylate cyclase), and clasto-Lac-
tacystin -lactone (Craiu et al., 1997; proteasome inhib-
itor; inhibits NF-B activation) were investigated as mis-
cellaneous modulators. Suramin, MDL-12,330, and NBEI
were incubated with PEC-infected cells together with IC
to examine the combined effects. Suramin, MDL-12,330,
and NBEI were also added to the medium daily to avoid
any variations by possible short half-lives in the medium.
Quantitation of cAMP
To measure intracellular levels of cAMP after treating
the mock- or virus-infected cells with the various re-
agents, we used the direct cAMP enzyme immunoassay
kit (Sigma). The confluent 3- to 4-day-old LLC-PK cells
grown in six-well plates were mock or virus inoculated
and the inoculum was replaced with medium containing
mock, forskolin, IC, or IC with a modulator (suramin,
MDL-12,330A, and NBEI). After the medium was re-
moved, the inoculated cells were collected at 12, 24, 36,
and 48 h after the treatment in 0.5 ml collection buffer
(0.1M HCl). The collected cells were centrifuged (8000 g,
5 min) to remove cell debris, and the supernatants were
processed for cAMP quantitation according to the man-
ufacturer’s direction.
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